The virial masses of ultra-diffuse galaxies (UDGs) have been estimated using the kinematics and abundance of their globular cluster populations, leading to disparate results. Some studies conclude that UDGs reside in massive dark matter halos while others, controversially, argue for the existence of UDGs with no dark matter at all. Here we show that these results arise because the uncertainties of these mass estimates have been substantially underestimated. Indeed, applying the same procedure to the well-studied Fornax dwarf spheroidal would conclude that it has an 'overmassive' dark halo or, alternatively, that it lacks dark matter. We corroborate our argument with selfconsistent mocks of tracers in cosmological halos, showing that masses from samples with 5 < N < 10 tracers (assuming no measurement errors) are uncertain by at least an order of magnitude. Finally, we estimate masses of UDGs with HST imaging in Coma and show that their recent mass measurements (with adequate uncertainties) are in agreement with that of other dwarfs, such as Fornax. We also provide bias and scatter factors for a range of sample sizes and measurement errors, of wider applicability.
INTRODUCTION
Deep and wide-field surveys with fast optics (e.g. Martínez-Delgado et al. 2008 , 2010 van Dokkum et al. 2014 ) are leading the exploration of the low-surface-brightness (LSB) frontier of galaxies and their associated halos, extending early studies of galaxy halos and LSB galaxies (e.g. Sandage & Binggeli 1984; Impey et al. 1988; Turner et al. 1993; Dalcanton et al. 1997; Shang et al. 1998; Zheng et al. 1999) . Observations in the Coma cluster have resulted in what has been reported as a new class of LSB galaxies, with kpc-scale half-light radii (some with R ef f ≈ 3kpc, comparable to the Milky Way) and µe,r > 24.5 mag/arcsec 2 , dubbed "ultradiffuse galaxies" (UDGs; although see Turner et al. 1993 for earlier examples). Galaxies with these properties have since been detected in different environments, in both groups and in the field (e.g. van der Burg 2017; Román & Trujillo 2017 , and references therein). In the Local Group, some dwarf CITA National Fellow e-mail:cfpl@uvic.ca † email aagnello@eso.org, ORCID 0000-0001-9775-0331 galaxies are even more striking than UDGs (Collins et al. in prep) in terms of surface brightness and sizes, as is the case of Crater 2 (Torrealba et al. 2016; Caldwell et al. 2017) and AndXIX (Martin et al. 2016) .
Theoretically, there is no shortage of models for UDGs. Amorisco & Loeb (2016) described their population properties as the high-spin and small-mass part of the pre-infall halo population. Numerical simulations seem to suggest that UDGs form naturally as well as in groups and clusters (Di Cintio et al. 2017; Chan et al. 2017; Fattahi et al. 2018) and so they may be reasonable galaxies after all. In fact, the interplay between feedback and angular momentum was already explored in order to explain the size distribution of disk galaxies decades ago (e.g. Dekel & Silk 1986; Navarro & Benz 1991; Navarro & White 1994) . Still, direct probes of halo masses are needed to definitely bridge theory and observations. Globular clusters (GCs) are bright enough that they can be easily detected out to the Coma cluster, thus providing estimates of the host halo masses of faint galaxies from their GC specific frequency (Hudson et al. 2014 ). GC counts in Coma suggested that UDGs can have 'overmassive' halos, up to ≈ 10 12 M (van Dokkum et al. 2016) . A follow-up study (Amorisco & et al. 2018) , over a sample of 54 Coma cluster UDGs with HST imaging data, has shown that they are mostly 'normal' dwarf galaxies, with 1 of M200 ≈ 10 9 − 10 11 M , and that their claimed GC abundances were widely uncertain 2 . At the opposite end, van Dokkum et al. (2018, hereafter vD18) claimed the discovery of a galaxy lacking DM, NGC 1052-DF2, based on the measured velocity dispersion of 10 GCs. However, similar mass measurements on UDGs by other groups were more cautious in their interpretation, due to equally small numbers of tracers (Toloba et al. 2018 ).
Here we show how some of the recent claims about UDGs, such as NGC1052-DF2, may be uncertain, driven by extrapolation and small number statistics. The same approach, when applied to the nearby Fornax dSph, would lead to inaccurate and even contradictory conclusions: 1) that Fornax lacks DM, and/or 2) that Fornax has a DM halo of M200 ∼ 2.5 × 10 10 M , about five times larger than inferred from stellar-kinematic data.
This Letter is organized as follows. In Section 2 we apply the same approach as vD18 to the Fornax dSph, and provide a re-assessed velocity dispersion of NGC1052-DF2 from the data of vD18. We provide a general evaluation of bias and scatter in σ 2 from small sample size and velocity measurement errors. We also study the systematics of low N tracers in mass estimators through the sampling of equilibrium distribution functions to corroborate our arguments. We put Fornax and NGC1052-DF2 in the wider context of UDG mass sequences in Section 3, and summarize our findings in Section 4.
UNCERTAIN MASS MEASUREMENTS
Here, we show how nearby dwarf galaxies might be interpreted as 'overmassive' or DM-less if the same approach used for UDGs is followed. The most startling case is the Fornax dSph, whose mass within the half-light radius from extended measurements of its stellar populations is known.
The Fornax dSph: an overmassive halo without dark matter?
Fornax has a stellar luminosity of LV = (1.4±0.4)×10 7 M , a metal-poor population with R ef f ∼ 0.9 kpc, and 5 known globular clusters associated with it (see Table 1 of Cole et al. 2011 , and references therein). Line-of-sight velocities for thousands of red-giant-branch stars have been measured (Walker 2009 ). While the exact shape of the DM profile in dSphs is a topic of debate (Walker & Peñarrubia 2011; Agnello & Evans 2012; Laporte et al. 2013; Strigari et al. 2017) , all agree that the mass within the half-light radius can be robustly determined (e.g. discussions in Walker 2009), and that this dwarf is dark-matter dominated with dynamical mass M (Rs) ∼ 5.3 × 10 7 enclosed within Rs ∼ 668 pc. Let us consider a back-of-envelope calculation for the mass of Fornax using solely its GCs. Only 4 of the GCs have a measured line-of-sight velocity. The half-number radius of the GCs is estimated as 0.95 ± 0.53 kpc. The most robust approach for estimating σgc posits a likelihood of the form
where the product is over the 4 GCs and we adopt a Gaussian distribution of velocities and errors. The inferred velocity dispersion is 6.84
−3.1 (resp. 6.84
−4.87 ) with 68% (resp. 95%) credibility.
The resulting masses, computed with the estimator of Walker et al. (2009, hereafter W09) are shown in Figure 1 . By comparison, the masses determined from kinematics of its stellar sub-populations (Amorisco et al. 2013 ) are displayed by blue crosses, and the stellar mass profile by the orange stripe. From GC kinematics, the inferred mass can be found as little as 'lacking DM' or 'just right'.
As another probe of virial mass, one can consider the relation between the number of GCs and halo mass M200 (Hudson et al. 2014) , in the hypothesis that this holds at dwarf masses. We rewrite it as M GC This work M GC PvD18
Figure 2. The mass of UDG 1052-DF2 at Rgc = (3.1 ± 0.3) kpc, from our inferred and debiased velocity dispersion of its GCs. The GC abundance would yield M 200 ≈ 5.5 × 10 10 M . We offset the PvD18 point at R = 3.5 kpc for visual clarity.
with a σ ≈ 0.1 dex scatter (Gao et al. 2008) . With five GCs, Fornax would have according to equation (1), M200 ≈ 2.5 × 10 10 M , about five times higher than given by stellar kinematics if one were to simply do an extrapolation from the measured enclosed mass at the half-light radius. Borrowing from previous nomenclature on UDGs (vD18; Beasley et al. 2016) , the GCs of Fornax would endow it with an overmassive halo lacking dark matter.
Fornax is not the only example in the Local Group. Indeed, a similar line of argument can be made with the few GCs inhabiting dwarf ellipticals (Geha & et al. 2010) in Andromeda such as NGC147 and NGC 185 for which new GCs have recently been followed up (see Veljanoski & et al. 2013, and references therein) 3 . Clearly, masses estimated from GC abundances are merely indicative in this regime, for which realistic uncertainties are difficult to assign
UDG-1052-DF2 Revisited
From the measured GC velocities and errors, vD18 argue that the velocity dispersion σgc of the population must be smaller than ≈ 10 km/s, and at most ≈ 13 km/s. Admittedly, the presence of an 'outlier' with v = (−39 ± 13) km/s is not completely unexpected in a sample of 10 objects with 10 km/s< σ < 13 km/s. We have re-evaluated the velocity dispersion using the likelihood of eq. (1), where the product is over the 10 GCs in the sample and we have adopted Gaussian velocity and error distributions. The interested readers are encouraged to see Martin et al. (2018, ApJL subm.) for a thorough, and independent, discussion of kinematics in this system. With the vD18 dataset, this yields a most likely σgc = 9.0 km/s, with 7.2 < σgc < 12.6 at 68% and 5.3 < σgc < 20.3 at 95% confidence levels.
This first result is already at variance with the claim of vD18. However, extra caution is needed, as the velocity errors are comparable to σgc itself. This tends to bias the inferred σgc towards lower values, as has been long known in studies of dwarf galaxies (e.g. see Koposov 2011, and Toloba et al. 2016) . In order to de-bias the inferred dispersion, we drew 200 mocks of 11 GCs from Gaussians with different 'true' velocity dispersions, all with 7.0 km/s velocity errors 4 . For each mock, we inferred σgc by exploring the likelihood, and then recorded its average and dispersion over the 200 mocks. The bias is ≈ −15% when the 'true' σgc = 9 km/s, and ≈ −6% when the 'true' σgc = 17 km/s, vanishing for higher values of the 'true' dispersion. From this de-biasing, we conclude that σgc = 10 +3 −2 km/s at 68% credibility and σgc = 10
km/s at 95% credibility. The mass at Rgc = (3.1 ± 0.3) kpc, with the debiased σgc quantiles from above, is shown in Figure 2 . With the values above, the GCs give a total M/L ≈ 5 at the 3D half-mass radius R h = 3 kpc, and a dark halo with M200 up to ≈ 10 10 M is still compatible with the data at 95% credibility. Using the abundance estimator of eq. (2), with at least 10 GCs 5 , we would obtain M200 > 5 × 10 10 M . The lessons learnt from Fornax, with a significant underestimate (resp. overestimate) from GC kinematics (resp. abundance), would then suggest that UDG 1052-DF2 can easily have M200 ≈ 5.0 × 10 9 M . We also remark that the stellar mass profile plotted by vD18 seems to follow the (2D) enclosedluminosity profile, instead of the (3D) mass from the deprojected density, and this artificially exacerbates the issue of stellar-vs-dark mass in this system.
Debiasing observational effects
Masses of dwarf galaxies from GC kinematics must rely on a low number of tracers, with velocity errors that are comparable to the dispersion. The example of NGC1052-DF2 shows that this is a real concern. Following the same procedure as above, we can quantify the effect of sample size (N ) and ratio of 'true' velocity dispersion to velocity errors (σ/ v ) on the inferred velocity dispersion σ mod . For each choice of N and σ/ v we draw 500 mocks, infer their most likely σ mod , and then compute the 16-th, 50-th and 84-th percentiles of σ 2 mod across the 500 mocks. We consider the squared velocity dispersion because it is directly related to the mass estimator at ≈ R h .
The results are listed in Table 1 . Samples with low N ( 11) or low S/N have a general ≈ 20% bias and a large scatter, spanning at least one order of magnitude in the inferred mass Table 1 . Effect of sample size (top to bottom) and ratio σ/ v between 'true' dispersion and velocity errors on the inferred, squared velocity dispersion. For each combination, we give the 16-th, 50-th and 84-th percentiles of σ 2 mod /σ 2 , where σ (resp σ mod ) is the 'true' (rep. inferred) velocity dispersion. 500 mocks per parameter choice were used, yielding ≈ 1% accuracy in the quantiles. NB: The quantiles may be even lower if the systemic velocity is to be fitted from the tracer kinematics -as the ebst-fit average minimizes variance. , 100] tracers in grey, blue, orange and green from all the draws. The magenta point marks the median mass estimation from drawing 1000 tracers 1000 times. The blue horizontal line marks the uncertainty (95 % range) for the mean effective radius derived from using N = 10 tracers. Systematics (due to sampling) will dominate any mass-measurements using N = 10 tracers or fewer.
at R h . Even with exquisite velocity measurements on its GCs, UDG 1052-DF2 would have a 50% systematic scatter in its inferred mass at ≈ 3 kpc. With the current sample quality, its mass at R h may be overestimated by ≈ 1.7 or underestimated by almost one order of magnitude. These results can also be applied to ultra-faint galaxies in the Local Group, with velocities measured for handfuls of stars.
One caveat is in order: the mocks were fit by varying only the velocity dispersion as a free parameter, under the hypothesis that the systemic (average) velocity is determined independently e.g. through starlight spectroscopy of the host. However, this is not always the case, and if the average velocity is another free parameter this has the effect of further biasing the estimated velocity dispersion towards lower values -as the best-fit average minimizes variance. Then, the quantiles in Table 1 should be taken as optimistic evaluations of bias, and the true bias may be even worse when the systemic velocity is to be determined directly from the tracer kinematics.
2.4 Small-N systematics using equilibrium distribution functions: why UDGs can effectively sit in any halos one wishes them to
As a final example to illustrate the dangers of small-sample mass estimates, we will use a distribution function (D.F) formalism to generate mocks 6 . Beyond the role of the statistical errors in the measurement, we ask ourselves the following question: "In a world with no measurement errors, how many tracers would I need to make a meaningful mass measurement?"
We address this by generating the D.F. of a tracer population following a Plummer profile in equilibrium inside a Hernquist profile brought to match a NFW profile at the virial radius following van der Marel et al. (2012) . We choose M200 = 10 10 M and a concentration of c = 12.8, as determined from the analytical fits from Correa & et al. (2015) assuming the cosmological parameters derived by the Planck Collaboration et al. (2016) . We sample the D.F. such that N = 10 5 tracer particles are generated using standard methods (see e.g. Kazantzidis et al. 2004; Laporte & White 2015) .
We then choose different fiducial numbers of tracers N = [5, 10, 30, 100, 1000] to calculate the systematic uncertainties in dynamical mass inferences relying on mass estimators. For this, we choose the estimator of W09, but note that the same exercise with other estimators would produce similar results. The uncertainties are calculated by randomly drawing N 1000 times and calculating M = 580(σGCs/km s −1 ) 2 (R h /pc)M , keeping R h = 2.6 kpc fixed. Thus these uncertainties should be interpreted as lower limits on the systematic errors (in reality these should be higher). The results are shown in Figure 3 against different mass profile curves with M200 = [0.01, 0.1, 1.0, 10, 100] × 10 10 M . As expected (Walker & Peñarrubia 2011) , the W09 method underestimates the enclosed mass as can be seen by the convergent 1000 tracer median value, albeit by a small amount for our purposes. Interestingly, we see that for 5 to 10 objects the uncertainty in the dynamical mass measurement of a galaxy is always uncertain by at least ∼ 1 order of magnitude. This can lead to simultaneously contradictory claims that UDGs could live in both MW-mass halos in some cases and have no to very little DM within them.
GC/STELLAR MASS HALO CONNECTION FOR THE POPULATION OF COMA UDGS
Now that we have the assurance that NGC1052-DF2 has a highly uncertain total mass, yet still consistent with it being dark matter dominated, it is useful to see how it compares with the general population of Coma UDGs. Despite the known uncertainties in extrapolating halflight measured masses into virial mass estimates, and our limited knowledge of the luminosity function below LMCmass like galaxies, we estimate M200 assuming that the relation of Hudson et al. (2014) holds for the Coma UDGs (Amorisco & et al. 2018) . This is shown in Figure 4 , against effective radius and stellar mass. We also show where Fornax would be sitting in those planes if we were to derive its halo mass using its globular cluster count of N = 5 or extrapolating its measured M (< R h ) to R200.
We note two aspects from these figures. First, the inferred halo mass ranges of Fornax and UDG 1052-DF2 (from kinematics to NGC ) do not seem to be in a special category when compared to their other UDG cousins, whether by mass or effective radius. They are in fact consistent with the scatter in the UDG population. Second, we see that Fornax can be considered both as a normal dwarf or as overmassive simply from its GCs, similarly to NGC1052-DF2 for which the kinematic halo mass extrapolation value is much more uncertain due to low-N systematics. We thus conclude that extra care is needed when interpreting the dark matter content of galaxies through extrapolations.
DISCUSSION
The 'dearth of dark matter' is not a new issue in the literature. Recent claims in this sense were made for massive early-type galaxies (e.g. Romanowsky & et al. 2003; Peralta de Arriba & et al. 2014 ), but were soon recognized as the effect of radial anisotropy (Dekel & et al. 2005) or incomplete aperture corrections (Agnello et al. 2014 ). Here, we have shown how some claims on the DM content of UDGs are likely biased by the use of small samples and inadequate modeling. The UDG 1052-DF2 might eventually prove to lack DM, but our exploration of model systematics and the remarkable case of the Fornax dSph suggest otherwise.
Our findings can be summarized as follows:
• The estimated masses of Fornax from GC abundances and kinematics can make it 'overmassive', 'just right' or 'lacking dark matter', due to large uncertainties from UDGs Amorisco et al. 2018 Fornax stars Fornax GCs NGC1052-DF2 GCs Figure 4 . Virial masses from GC counts of Amorisco et al. (2018) for the Coma cluster UDGs against stellar masses and effective radii. We also mark the values of M 200 for Fornax using the stars and globular clusters and NGC 1052-DF2 using its GCs as blue, magenta stars and orange thick line respectively. A natural scatter of 1 dex naturally arises because of the expected diversity of halos in LCDM and because of the uncertainties in GC abundances.
observations, mass estimators, and scatter in the massconcentration relation.
• Our revised velocity dispersion of UDG 1052-DF2 and its uncertainties allow for halo masses M200 ≈ 10 9 M and up to M200 ≈ 10 10 M , for the same reasons.
• Even with exquisite velocities on 11 GCs, the mass of UDG 1052-DF2 would be systematically uncertain by ≈ 50% at R h ≈ 3 kpc, and still by an order of magnitude at M200 due to the mass-concentration scatter.
• Besides the model uncertainties from massconcentration scatter and extrapolation from R h to the virial radius, small samples have half-radius mass estimates that are systematically affected by at least one order of magnitude, as our distribution-function experiment shows.
• With masses determined from their GC abundances and kinematics, the Fornax dSph and UDG 1052-DF2 are not unlike the overall population of UDGs in the Coma cluster for which HST imaging data are available. In fact, their GC abundance situates them at the boundary between 'normal' and 'overmassive' UDGs.
While UDGs are certainly exciting objects, their masses and dark matter content (or lack thereof) will remain highly uncertain for a long time. Some hope remains in the age of next generation telescopes (e.g. MOSAIC on ELT). For now, our best hopes through stellar dynamics alone remains in our cosmic backyard, for which the Gaia satellite combined with HST archival data is poised to advance the field of dark matter in dwarf galaxies (see e.g. Massari et al. 2018 , for some first reports of 3D motions).
